The mechanical resonance of a single ZnO nanobelt, induced by an alternative electric field, was studied by in situ transmission electron microscopy. Due to the rectangular cross section of the nanobelt, two fundamental resonance modes have been observed corresponding to two orthogonal transverse vibration directions, showing the versatile applications of nanobelts as nanocantilevers and nanoresonators. The bending modulus of the ZnO nanobelts was measured to be ϳ52 GPa and the damping time constant of the resonance in a vacuum of 5ϫ10 Ϫ8 Torr was ϳ1.2 ms and quality factor Qϭ500. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1587878͔ Cantilever-based sensors present a wide range applications in the field of physical, chemical, and biochemical sciences.
The mechanical resonance of a single ZnO nanobelt, induced by an alternative electric field, was studied by in situ transmission electron microscopy. Due to the rectangular cross section of the nanobelt, two fundamental resonance modes have been observed corresponding to two orthogonal transverse vibration directions, showing the versatile applications of nanobelts as nanocantilevers and nanoresonators. The bending modulus of the ZnO nanobelts was measured to be ϳ52 GPa and the damping time constant of the resonance in a vacuum of 5ϫ10 Ϫ8 Torr was ϳ1.2 ms and quality factor Qϭ500. Cantilever-based sensors present a wide range applications in the field of physical, chemical, and biochemical sciences. [1] [2] [3] Miniaturization of the cantilever dimensions toward the nanometer scale will enable an improvement in sensitivity, spatial resolution, energy efficiency, and time of response. 4, 5 Recently, ultralong, beltlike, quasi-onedimensional nanostructures ͑so called nanobelts or nanoribbons͒ have been synthesized for semiconducting oxides of zinc, tin, indium, cadmium, and gallium, by simply evaporating the desired commercial metal-oxide powders at high temperatures. 6 The as-synthesized oxide nanobelts are pure, structurally uniform, single crystalline, and most of them are free from dislocations. The beltlike morphology appears to be a unique and common structural characteristic for the family of semiconducting oxides with cations of different valence states and materials of distinct crystallographic structures. The nanobelts are an ideal system for fully understanding dimensionally confined transport phenomena in functional oxides and building functional devices along individual nanobelts.
Semiconducting oxide nanobelts 6 and nanowires 7 have shown electronic, chemical, and optical properties. 8, 9 Nanowires are the fundamental building blocks for fabricating nanoscale sensors and logic circuits. 10, 11 The nanobelts have a distinct structural morphology, characterized by a rectangular cross section and a uniform structure, which could be directly used as nanocantilevers and nanoresonators in nanoelectromechanical systems ͑NEMS͒.
12,13 A key phenomenon for applying nanobelts in NEMS technology is their mechanical resonance behavior, and an important physical quantity for cantilever applications is their bending modulus. In this letter, the mechanical resonance of a single ZnO nanobelt, induced by an alternative electric field, was studied by in situ transmission electron microscopy ͑TEM͒. Due to the rectangular cross section of the nanobelt, two fundamental resonance modes have been observed corresponding to the two orthogonal transverse vibration directions. The mechanical resonant behavior of the nanobelts is directly correlated with their distinct structural feature, showing a possibility for versatile applications as nanoresonators and nanocantilevers.
Recently, an experimental approach, based on the electric-field-induced resonant excitation, has been developed for directly measuring the mechanical properties of individual nanowirelike structures by in situ TEM. 14, 15 Using this method, the mechanical properties of carbon nanotubes, 14 silicon nanowires, 16 and silicon carbide-silica composite nanowires 17 have been investigated. This is the technique that will be applied to study the resonance behavior of individual ZnO nanobelts.
Scanning electron microscopy ͑SEM͒ image of the assynthesized ZnO nanobelts is given in Fig. 1͑a͒ , which reveals a large quantity of nanobelts with lengths over several tens to hundreds of micrometers. Figure 1͑b͒ shows a typical TEM image of the ZnO nanobelt, displaying high structural uniformity. The selected area electron diffraction pattern indicates that the nanobelt grows along ͓0001͔ and is enclosed by Ϯ(21 1 0) and Ϯ(011 0) facets. 6 Figure 1͑c͒ represents the geometry of a nanobelt with length L, width W, and thickness T. In our experiment, the nanobelts were glued at one end onto a copper wire, while the other end near the counterelectrode was free. This is a simple one-end clamped cantilever with a rectangular cross section.
To carry out the mechanical property measurements of a nanobelt, a specimen holder for a Hitachi HF-2000 TEM ͑200 kV͒ was built for applying a voltage across a nanobelt and its counter electrode. The specimen holder has two electrodes and a set of piezomanipulation and translation devices. The nanobelts were attached to a solid gold ball of 0.1 mm in diameter and its counterelectrode is also a gold ball. An oscillating voltage with tunable frequency was applied across the two electrodes. Since the electric induced charge on the tip of the nanobelt oscillates at the frequency of the applied voltage, thus, mechanical resonance is induced if the applied frequency matches the natural vibration frequency ͑Fig. 2͒. The resonance is directly viewed on the TV screen attached to the TEM. From the classical elasticity theory for a rectangular beam, 18 the fundamental resonance frequency corresponding to the thickness direction (x axis͒ ͓Fig. 1͑c͔͒ is
where ␤ i is a constant for the ith harmonic: ␤ 1 ϭ1.875 and ␤ 2 ϭ4.694, E x is the bending modulus for the vibration along the x axis, L is length of the nanobelt, is mass density; and the corresponding resonance frequency in the width direction (y axis͒ ͓Fig. 1͑c͔͒ is given by
The ratio of the two fundamental frequencies is directly related to the aspect ratio of the nanobelt by y1 / x1 ϭW/T(E y /E x ) 1/2 . A stationary selected ZnO nanobelt is given in Fig. 2͑a͒ . By changing the frequency of the applied voltage, we have found two fundamental frequencies in two orthogonal transverse vibration directions. Figure 2͑b͒ shows a harmonic resonance with its vibration plane nearly parallel to the viewing direction, and Fig. 2͑c͒ shows the harmonic resonance with the vibration plane closely perpendicular to the viewing direction. For calculating the bending modulus, it is critical to accurately measure the fundamental resonance frequency ( 1 ) and the dimensional sizes (L, W, and T) of the investigated ZnO nanobelts. To determine 1 , we have checked the stability of resonance frequency to ensure one end of the nanobelt is tightly fixed, and the resonant excitation has been carefully checked around the half value of the observed resonance frequency to ensure it is the fundamental frequency. The specimen holder is rotated about its axis so that the nanobelt is aligned perpendicular to the electron beam, thus, the real length (L) of the nanobelt can be obtained. The normal direction of the wide facet of the nanobelt could be first determined by an electron diffraction pattern, which was ͓21 1 0͔ for the ZnO nanobelt ͓Fig. 1͑b͔͒. Then, the nanobelt was tilted from its normal direction by rotating the specimen holder, and the tilting direction and angle were determined by the corresponding electron diffraction pattern. As shown in the inset of Fig. 2͑d͒ , the electron-beam direction is ͓11 00͔. The angle between ͓11 00͔ and ͓21 1 0͔ is 30°, i.e., the normal direction of the wide facet of this nanobelt is 30°t ilted from the direction of the electron beam. Using the projected dimension measured from the TEM image ͓Fig. 2͑d͔͒, the geometrical parameters of this nanobelt are determined to be Wϭ28 nm and Tϭ19 nm. Based on the experimentally measured data, the bending modulus of the ZnO nanobelts is calculated using Eqs. ͑1͒ and ͑2͒. The experimental results are summarized in Table I . The bending modulus of the ZnO nanobelts was ϳ52 GPa. This value represents the modulus that includes the scaling effect and geometrical shape, and it cannot be directly compared to the Young's modulus of ZnO (c 33 ϭ210 GPa and c 13 ϭ104 GPa), 19 because the shape of the nanobelt and the anisotropic structure of ZnO are convoluted in the measurement. The bending modulus measured by the resonance technique has excellent agreement with the elastic modulus measured by a nanoindenter for the same type of nanobelts. 20 Although nanobelts of different sizes may have a slight difference in the bending modulus, there is no obvious difference if the calculation were done using either Eqs. ͑1͒ or ͑2͒. The ratio of two fundamental frequencies y1 / x1 is consistent with the aspect ratio W/T, as expected from Eqs. ͑1͒ and ͑2͒, because there is no significant difference between E x and E y . The full width at half maximum ͑FWHM͒ of the resonance peak is shown in Fig. 2͑e͒ , and ⌬/ 1 ϳ0.2% for a vacuum of 5ϫ10 Ϫ8 Torr, corresponding to a Q factor of ϳ500.
ZnO nanobelts can be used as a force sensor. Figure 3͑a͒ shows a selected ZnO nanobelt with a hooked end, which is equivalent to a cantilever with an integrated tip. Due to the two transverse vibration modes of the nanobelt, resonance along two orthogonal directions has been observed ͓Figs. 3͑b͒ and Fig. 3͑c͔͒ . The two resonance modes just correspond to the two modes of the tip operation when the nanobelt-based cantilever is used as a force sensor: One is the tapping mode, and the other is the noncontact mode. Thus, the force sensor fabricated using the ZnO nanobelts is versatile for applications on hard and soft surfaces.
In summary, mechanical resonance behavior of ZnO nanobelts has been characterized by in situ TEM. The bending modulus of the ZnO nanobelts is ϳ52 GPa and the damping time constant of nanobelt resonance in a vacuum of 10 Ϫ8 Torr is ϳ1.2 ms. The dual-resonance modes with two orthogonal directions have been observed. The single crystalline structurally controlled nanobelts could be used as a type of nanoresonator and nanocantilever with dualoperation modes, which could be useful in nanoelectromechanical systems and highly functional nanodevices. Similar to carbon nanotubes, the nanobelts could also be used as functional tips for scanning probe microscopy. 21, 22 
